This paper attempts to show the concept of serviceability assessment of RC structures in marine environments using reliability approach. Models of the response of corrosion affected structures in each period of service life are developed based on experimental data produced from a comprehensive testing program. This includes corrosion initiation, corrosion induced concrete cracking and the evolution of crack width. A time-dependent reliability method is employed in the paper to determine the probability of the attainment of each period of service life. The methodology presented in the paper can equip structural engineers and asset managers with confidence in decision-making with regard to the repairs and strengthening of corroded concrete infrastructure.
Introduction
Reinforcement corrosion in concrete is the predominant causal factor in the premature deterioration of reinforced concrete (RC) structures, leading to ultimate structural failure (Broomfield 1997 , Schiessl 1988 ). Failure does not necessarily mean structural collapse only, but also includes loss of serviceability, characterized by concrete cracking, spalling, and excessive deflection of structural members. Clearly control and monitoring of reinforcement corrosion in concrete is of significant practical importance if premature failure of RC structures is to be prevented. There is a clear need, from both the field of research in reinforcement corrosion in concrete structures and industrial demand, that models be developed to determine the effect of the whole corrosion process on structural performance so that the safe service life of corroded RC structures can be predicted. Accurate prediction of structural deterioration can assist asset managers to achieve a cost-effective strategy in the management of corrosion affected concrete structures.
To meet the need and demand, various theoretical frameworks have been developed to assess the whole life performance of corrosion affected RC structures including the employment of advanced reliability theories (e.g., Engelund et al. 1999 , Frangopol et al. 1997 , Maage et al. 1996 , Prezzi et al. 1996) . However, lack of rational models for structural response (deterioration) in different lifetimes of the whole service life hampers the application of these advanced theories and in turn hinders the further progress of the framework. As a result, prediction of the service life of a structure remains at a stage of parametric studies. Prediction of the effects of the corrosion process, both initiation and propagation, on structural behaviour should be based on models derived from realistic and accurate data representative of service conditions (Enright & Frangopol 1998 , Maage et al. 1996 , Prezzi et al. 1996 . Field data tends to be highly variable. Laboratory data is rarely produced from tests either with service loads or under natural salt ingress and simultaneous service loads or on full size structural members. This casts doubts on the applicability of the test results to concrete structures in service (Frangopol et al. 1997 , Li 2000 . In order to remedy this situation a comprehensive test program has been undertaken (Li 2001 (Li , 2003 to produce data that closely represents the real service conditions of RC structures. From this data and complemented by data available in research literature and the theories of mechanics, rational and practical models of structural deterioration can be developed.
The intention of this paper is to present the concept of serviceability assessment of RC structures in marine environment using reliability approach. A performance-based model of the effects of corrosion on concrete structures is proposed, including corrosion initiation, corrosion-induced concrete cracking and crack width evolution. A merit of the proposed model is it is derived from the data representing reinforced concrete structures in real service conditions. A time-dependent reliability method is employed in the paper to determine the probability of the attainment of each period of service life. The advantage of the proposed formulation is that the structural response is closely related to design parameters used by design engineers. The methodology presented in the paper can equip structural engineers and asset managers with confidence in decision-making with regard to the repairs and strengthening of corroded concrete infrastructure.
Service life formulation
In serviceability assessment of reinforced concrete structures, it is important to determine each period of the service life for the structure. In the case of corrosion affected concrete structures, the service life can be defined based on structural behaviour associated with deterioration. As schematically described and shown in Figure 1 , the first period of service life for corrosion affected concrete structures is the time period from completion of the new built structure to corrosion initiation in the structure, denoted as (0, T i ]. The second period is the time period from the initiation of corrosion to corrosion induced concrete cracking and denoted as (T i , T c ]. The third one presents the period from corrosion induced cracking to a limit of crack width and denoted as (T c , T cr ]. In this paper the service life of RC structures in marine environments is represented by whenever crack width reaches to the maximum limit for crack width as prescribed in design codes.
With the formulation in Figure 1 , each time period of the service life can be determined when models of structural response are available, i.e., corrosion initiation and corrosion induced concrete cracking. Given the complexity of the process of corrosion induced structural deterioration, given the current state of knowledge and understanding of corrosion propagation, it seems that effort to developing complicated analytical models of structural response based on theories alone may not lead to satisfactory outcomes. It seems to be more rational that the effort is devoted to developing models of structural response based on test results, complemented by theories. This approach can be justified when the historical development of theories for RC structures is examined (Mirza et al. 1979) , in which design formulae (models) are based on large quantity of experimental research, coupled with theories of mechanics. This is the approach adopted in the present paper, in which test results from a comprehensive experimental program on corrosion process (Li 2001 (Li , 2003 are analysed to derive models for structural response at each period of the service life of the structure. 
Corrosion initiation
It is well known that chloride ingress in concrete is one of two basic mechanisms that trigger the corrosion of reinforcing steel in concrete. To predict the time of initiation of reinforcement corrosion in concrete structures, let Cl C be the chloride content in concrete, which varies with time due to chloride ingress from surrounding environment. Also, let Cl be a threshold value (concentration) for the chloride content the attainment of which may lead to the onset of corrosion. Since the corrosion onset is a very random phenomenon (even when the chloride content at the surface of reinforcing bars exceeds the threshold value the corrosion of the rebar does not necessarily initiates in the concrete), it is well justified that the prediction of corrosion initiation should be formulated in a probabilistic manner
where P denotes probability of an event, ) (t p i is the probability of corrosion initiation at time t, ] [ P denotes the probability of corrosion onset given that C Cl (t) > Cl . Thus, for a given acceptable probability, a i p , , whenever
the initiation time of reinforcement corrosion in concrete is determined, i.e., T i . Clearly
represents the reliability (or confidence) of the prediction. The greater a i p , is, the more reliable the prediction is, and the more confident that the corrosion will initiate during the period of (0, T i ]. Therefore, Equation (2) can be used to determine the first lifetime of corrosion affected concrete structures.
Chloride ingress
Although Fick's second law has been widely used to predict the chloride ingress in concrete, an increasing number of published papers have suggested that Fick's second law may not be applicable to practical RC structure, in particular, flexural members, whereby load induced cracks invalidate the mechanism of diffusion. Therefore, in this paper, model of chloride ingress is developed based on data produced from a comprehensive test program with 255 specimens (Li 2001 ). Due to the uncertainty of chloride ingress in concrete and its time-variant nature it is well justified to model chloride ingress in concrete as a stochastic process, quantified by the chloride content at the surface of reinforcement bars, Cl C (t). Based on the experimental results (Li 2001 ), the mean function of chloride content, ) (t C , and the coefficient of variation (COV) for chloride content, V c (t), are of the form
where C 0 is the mean value of initial (i.e., t = 0) chloride content in concrete at the surface of reinforcement. In Equation (3a), is a coefficient representing the rate of chloride ingress. It allows for the effects of such factors as concrete properties and external environment. In general, is difficult to determine. is a coefficient. In Equations (3a) and (3b), t is time (in days). Coefficients and can be determined from regression analysis of experimental data from 183 specimens with normal cement concrete and 0.45 water to cement ratio, which yields = 0.01 and = 0.0004. The initial chloride content C 0 of the specimens was measured to be 0.018 % of concrete weight. It needs to be noted that, in the application of Equation (3) to practical structures, site-specific data need to be collected to calibrate the parameters of the model.
Corrosion onset
In the real world of concrete structures, the onset of reinforcement corrosion is a random phenomenon and should be dealt with in a probabilistic manner as well. The test results on corrosion onset used to derive ] [ P were obtained via visual inspection after breaking open the test specimens (Li 2001 ). The range of chloride content vary from 0.04 to 0.07 is the most sensitive concentration to corrosion onset, which is consistent with the threshold values widely used in practice (Dhir 1999 
Corrosion induced concrete cracking
After initiation, the reinforcement corrosion propagates in concrete and produces expansive rusts, which increases the pressure (i.e., stress) at the interface of the reinforcement and concrete. Eventually the stress due to the expansion causes concrete to crack. Based on this phenomenon, the probability of corrosion induced concrete cracking ) (t p c at time t can be considered as follows
where ) (t c is the stress asserted by the expansive corrosion products and t is the minimum stress required to cause the cracking of concrete cover. At the time that ) (t p c is greater than a minimum acceptable probability, 
where a c p , represents the reliability of the prediction. Therefore, Equation (6) can be used to determine the time to surface cracking of corrosion affected RC structures.
Model of c
With the propagation of corrosion, its products (mainly ferrous and ferric hydroxides, Fe(OH) 2 and Fe(OH) 3 ) occupy much greater volume than the original reinforcement (i.e., iron), thereby generating pressures on the surrounding concrete. The pressure builds up to a level that causes internal concrete cracking at the interface of the reinforcement and concrete. The crack eventually extends through the concrete cover. In this paper, the reinforced concrete is modelled as thick-wall cylinder under internal radial pressure. The schematic representation of the process of corrosion induced cracking is shown in Figure 2a) , where D is the diameter of reinforcement bar, d 0 is thickness of the annular layer of corrosion products (i.e., a pore band) at the interface of the reinforcement and concrete, a and b are inner and outer radii of the thick-wall concrete cylinder. The inner radius a = (D+2d 0 )/2, and the outer radius b = C + (D+2d 0 )/2, where C is the concrete cover. As corrosion progesses, the rust products will fill the pore band completely and then generate an expansion pressure of the concrete. Thereafter the inner radius will increase as corrosion grows (i.e., the thickness of rust product) therefore the inner radius can be expressed as 
where r is a coefficient related to the type of rust products, rust is the density of corrosion products, st is the density of the reinforcement, rust W is the mass of corrosion products (rust) that generate the critical tensile stress. Generally not all corrosion products will initiate the critical tensile stress, however, it is assumed in this paper that once the rust completely fills the pore band between concrete/steel, the continuing growth of the rust will generate the tensile stress. W rust is related to corrosion rate as measured by corrosion current density I corr in A/cm 2 (9) where t is the time in years. The trend of I corr is in good agreement with other tests, e.g. Schiessl (1988) and Andrade et al. (1990) . In practical application, the values of I corr should be obtained from the structure of concern. Based on the theory of elasticity (Timoshenko & Goodier 1970 , Ugural 1986 ), the expansive stress can be derived as follows 
Model of t
The minimum stress required to induce cracking of concrete cover is apparently related to the tensile strength of concrete and the thickness of the cover. Based on the mechanism of corrosion induced concrete cracking, the volume of the corrosion products is also related to the thickness of the pore band at the interface of the reinforcement and concrete. According to Bažant (1979) (11) where f t is the tensile strength of the concrete.
Corrosion induced concrete crack width
It has been generally assumed that one of the factors influencing the severity of corrosion is the crack width. It is therefore a basic design criterion prescribed in all building codes. When the corrosion continues, cracks progressively widen with increasing corrosion and delamination of the concrete cover eventually results. Based on this phenomenon, the probability of corrosion induced concrete crack width ) (t p cr at time t can be determined as follows
( 1 2 ) where ) (t w is the crack width at the concrete surface by the expansive corrosion products and cr w is the limit crack width of concrete cover according to the building code. At the time that ) (t p cr is greater than a minimum acceptable probability, a cr p , , the time to limit crack width, cr T , can be determined, i.e.,
Again a cr p , represents the reliability of the prediction as in the case of time to cracking. Therefore, Equation (13) can be used to determine the crack limit lifetime of corrosion affected RC structures.
Evolution of crack width
When reinforced concrete is considered to be an elastic thick-wall cylinder, an internal crack will start when the maximum tangential stress exceeds the tensile strength of concrete. Tepfers (1979) has proposed the concept of partly cracked elastic stage of concrete in thick-wall cylinder model. The fictitious internal cracks develop to an arbitrary position c where the tangential stresses have reached f t (see Figure 2c) . From this, it divides the cylinder to be internal cracked ring and uncracked ring. The internal pressure from corrosion products is still loading and the pressure is now transferred to the uncracked part of the ring. The transferred pressure on the inner surface of the uncracked ring can be expressed as c t a t P t P / ) ( ) ( ) ( 1 2 and the maximum stress at the inner surface of the uncracked part of the cylinder of radius c can be expressed as
where P 1 (t) is the uniform expansive pressure and can be determined by Equation (10) . Equation (14) can be used when consider the maximum stresses are equal to f t . By differentiating Equation (14) with respect to c it can be obtained c = 0.486b. At this stage, the crack width ) ( 1 t w of the rust front at the internal cracked ring can be determined by
where time, ' t is time corresponding tangential stress at the interface reaches the tensile strength of concrete. The tangential strain 1 at radius a(t) can be determined from the theory of elasticity as follows
With the continuing growth of corrosion products, the crack will eventually pierce to the surface of the concrete cover. The pressure exerted by the corrosion products at the tip of the crack (or different interfaces) decreases due to the energy release from the crack. The concrete cover will be cracked open due to the brittle nature of concrete in tension. This state is shown in Figure 2d ), from which, the crack width on the surface of concrete cover can be approximately determined by 
Limit of crack width
With the progress of corrosion the surface crack extends to much wider cracks, which causes concrete spalling and mechanical damage, e.g., deflection and failures. So it is necessary to limit the crack width. The maximum permissible crack width in this paper is taken to be 0.3 mm according to, e.g., the British Standard (BS 8110). This crack width limit is obtained from code limitations on width of flexural cracks.
SERVICEABILITY ASSESSMENT

Time to corrosion initiation
A RC flexural member with a typical cross-section shown in Figure 3a ) is used to represent the structural response. With the models of both ) (t C Cl and ] [ P , it is possible to calculate the probability of corrosion initiation over time using Equation (1) , the probability of corrosion induced concrete cracking can be determined using Equation (5) and the values of basic variables listed in Table 1 . Note that all basic random variables are assumed normally distributed. The results are shown in Figure 4a ). In accordance with a confidence level of 90%, i.e., p c,a = 0.9, it can be obtained from Equation (6) that the time to cracking is 1.8 years for a concrete cover of 31 mm and crack appearance is delayed for larger concrete cover. These results are consistent with experiment as described by Liu & Weyers (1998 
Time to crack width limit
With the model of ) (t w and criterion of w cr = 0.3 mm (BS 8110), the probability of corrosion induced concrete to limit crack width can be determined using Equation (12) and the results are shown in Figure 4b) . Again, using a confidence level of 90%, i.e., p cr,a = 0.9, it can be obtained from Equation (13) that the time to limit crack width is about 7.6 years for a concrete cover of 31 mm. The crack width appearance is delayed for larger concrete cover. The evolution of cracks width in associated with time and these cracks cause the loss of concrete integrity which reduce the concrete contribution to the load bearing capacity and affect the external appearance of the structure.
Conclusion
The concept of serviceability assessment has been embodied in RC structures subjected to chloride induced reinforcement corrosion. A performance-based service life formulation for corrosion affected RC structures has been developed. With time-dependent reliability method, each period of the service life has been predicted with confidence. The advantage of the proposed formulation is that the structural response is closely related to design parameters used by design engineers. It can be concluded that service life modelling of corrosion affected RC structures is a rational tool for structural engineers and asset managers in decision-making with regard to the repairs and strengthening of these structures. It is expected that more research would be carried out in modelling the structural response of corrosion-affected structures in different periods within the whole service life.
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